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Abstract 
A method was developed to quantify the microstructure of wheat dough proteins assessed by a confocal laser 
scanning microscope (CLSM) in combination with an image processing and analyzing tool. A variation of the water 
addition especially showed high significant (p<0.01) linear correlations with the branching index (r=-0.92). This 
branching index exhibited high significant correlation coefficients with the rheological measures complex shear 
modulus (r=0.88), creep compliance (r=-0.71) and relative elastic part (r=0.82). In summary the results submit a 
novel view on the microstructure of dough. The obtained visual structure of the dough via CLSM in combination with 
image processing and analyzing has proven to be a reliable and powerful tool for the acquisition and validation of 
dough protein microstructure. The high dependency of rheology from structural elements could be verified.  
 
 
 
Keywords: wheat; CLSM; gluten; rheology; image analysis; branching index 
1.Introduction 
Wheat bread is an important part of the daily food-intake all over the world. Even though it is known 
since centuries it can be regarded as a ready-to-eat processed and therefore convenient food. Therefore it 
is necessary to understand the production and attributes of its pre-product dough. Wheat dough consists of 
the quantitatively major components starch, protein as the important gluten, and further valuable 
components as yeast, salt and water. Out of this dough is developed due to an addition of energy during 
mixing. First the flour components hydrate and secondly the gluten forms a widely distributed network 
within the dough matrix. Next to this protein network a second phase originates: the free water phase 
where starch granules and water-soluble components are located [1]. A third phase consists of dispersed 
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gas, which is entrapped by mixing and the starting CO2 production due to the yeast. The proteins are 
interconnected resulting in a continuous network. It is composed of glutenin (elastic) and gliadin 
(viscous) as the main water-insoluble proteins [2]. As a result of these viscoelastic properties wheat 
dough has attributes of a non-Newtonian viscous liquid and of an Hookean elastic solid. The 
characterization of the system is a challenging task. However, there exists a wide range of empirical 
methods as recording z-blades mixers (e.g. farinograph or mixograph) and load-extension tests. These 
methods are commonly used as quality control in bakery and milling industries [3]. However, 
fundamental rheological measurement systems, e.g. a rheometers are also recommendable because they 
do not largely affect nor destroy the structure of dough. 
In general, this structure or microstructure determines next to other properties the rheology of foods. In 
cereal science a number of microscopic techniques were already applied to investigate the microstructure 
of dough. Different systems were used as scanning electron microscopy [4], light microscopy [5] and 
confocal laser scanning microscopy (CLSM) [6]. The advantage of the CLSM is a dynamic and nearly 
non-invasive observation of the microstructure of specific focal section of the sample, even in 3D. 
Components as starch granules or proteins can be dyed and separately detected. Further it is important to 
extract structural features out of these image data to distinguish between areas containing information to 
those containing background by image processing. Additionally an analysis of this data enables the 
acquisition of measures as area fraction or circularity of polymers or particles as protein.  
The purpose of this study was to develop a method to quantify the microstructure of wheat dough 
proteins assessed by a confocal laser scanning microscope. The aim is to evaluate and characterize the 
often indicated relation between the microstructure and the process determining rheology of dough.  
 
Nomenclature 
BI  branching index 
DF Feret’s diameter  
G* complex shear modulus 
Jel relative elastic part 
Jmax creep compliance 
Jr creep recovery compliance 
P perimeter 
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2.Materials and Methods 
2.1.Dough preparation 
Wheat flour type 550 harvested 2008 from Rosenmühle, Ergolding, Germany with following 
properties was used: protein content of 11.92 ± 0.27 g 100 g-1 flour d.m. (n=3), ash content 0.62 ± 0.02 g 
kg-1 flour d.m. (n=3), moisture content of 13.52 ± 0.19% (n=4) and falling number 361 ± 12 s (n=4). Flour 
analysis following ICC 115/1 revealed a water absorption of 58.3 ± 0.2% (with dough containing 1.8% 
NaCl, based on flour weight). An amount of 50.0 g wheat flour (corrected to 14% moisture), 1.8% NaCl 
and 58.3 g destilled water 100 g-1 flour were mixed in a DoughLab equipment 50 g bowl (Perten 
Instruments GmbH, Hamburg, Germany) with 63 rpm at a temperature of 30 °C. Dough development 
time was examined for each dough and adjusted. Water addition to flour was varied by 52.5, 55.4, 58.3 
(optimum), 61.2, 64.4, 67.1 and 70.0 g 100 g-1 flour. 
2.2.Fundamental rheology 
For the fundamental rheological tests an AR-G2 rheometer (TA instruments, New Castle, USA) with a 
smart swap peltier plate temperature system (30 °C), a 40 mm plate-plate geometry (serrated surface to 
avoid slippage) and a gap of 2 mm was used. Equilibrium time before the test was set to 10 min. First an 
oscillatory frequency sweep was carried out with a frequency from 0.1 to 100.0 Hz at constant strain 
amplitude (0.1% strain) (well within the linear viscoelastic region of the sample in preliminary tests). The 
complex shear modulus G* was recorded at 1 Hz. Directly afterwards a creep recovery step was 
performed. A constant shear stress Ĳ0 of 250 Pa at 30 °C was applied for 180 s and then removed 
(Ĳ0 = 0 Pa) (recorded for 360 s, providing the steady state to be reached). Strain values were expressed in 
terms of the compliance. The measurement parameters were the time and stress dependent recoverable 
shear deformation, the creep compliance Jmax (at maximum time of the creep phase) and the relative 
elastic part Jel [-] (calculated by Jel = Jr (Jmax)-1, where Jr is the creep recovery compliance at t = 360 s of 
the recovery phase). A triplicate determination for each water level was made for all rheological tests. 
2.3.Microstructure acquisition and image processing and analysis 
Dough for CLSM was prepared as described in the 50 g DoughLab bowl including the fluorescent dye 
rhodamine B (Sigma-Aldrich Chemie Gmbh, Munich, Germany) in a concentration of 0.001 g 100 mL-1 
water. After the mixing process around 2 g dough was cut from the inner part of the dough and placed 
into a specimen shape before the application of a glass cover slip. As defined in the rheological analysis 
dough was also proofed for 10 min at 30 °C. An e-C1plus confocal system with a Ti-U inverted research 
microscope (Nikon, Düsseldorf; Germany) with a 20 x objective was used to obtain the images. The laser 
had an extinction of 543 nm and the light was detected at 590/50 nm. The images covered an area of 
212 x 212 μm at a constant z-position. For every sample seven independent positions on the x-y-axis were 
recorded and each variable was prepared twice. Preliminary tests confirmed the independency of 
rheological results by the dye. The images were processed and analyzed by the image processing and 
analysis software ImageJ (based on Java, version 1.42q, National Institutes Health, Bethesda, Md, USA). 
First the images were changed to grey-level and then a fuzzy thresholding algorithm of Huang et al. [7] 
was used. Therefore proteins could be distinguished to the background. The analyzing measures were the 
area fraction, the average particle size, the perimeter (P), the Feret’s diameter (DF) and the branching 
index (BI), calculated by BI = P DF-1.  
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2.4.Statistical analysis 
Statistical analysis was performed using a single-factor analysis of variance (ANOVA) with the 
software Statgraphics Centurion (version 15.1.02 Statpoint Technologies Inc. Warrenton, Virginia) at the 
5% significance level.  
 
3.Results and Discussion  
3.1.Microstructure analysis 
The macroscopic behaviour of water-flour systems as dough depends on its microstructure: the spatial 
arrangement of the components and types of linkages directly affect the rheological properties. Therefore 
it is helpful to gain insight in the microstructure of dough. In this study among others the area fraction, 
average particle size and the branching index (BI) are analysed by the variation of the water amount in the 
dough system. Figure 1 illustrates the average particle size of the microstructural properties of the protein 
phase. The average particle size shows both a linear decrease with increased water addition (based on 
flour) by 28% (r=-0.85, p<0.01). The area fraction (data not shown) shows the same behaviour. The 
increased water addition dilutes the real protein content by 10%. The differences between real and visual 
detectable proteins may be concluded by alter the hydration properties of the flour ingredients. An 
increased hydration, expansion or accumulation of starch granules based on the excess of free water 
might be the reason. Thus, the protein network formation could be hindered and less area fraction will be 
detected. Anyhow, image analysis do not include the density of the measured components, thus this could 
also influence the results. As a result less interconnected and spread amorphous fibril structure of the 
gluten molecules and thus a higher density could pretend a relative loss in proteins. The detection of the 
particle size of the proteins reveals a similar behaviour. It seems that the plasticizing effect of the water 
molecules disturbs the creation of bigger protein particles (due to a differed energy input during mixing) 
or shrink the particle size. Next to other effects this leads to an altered rheological behaviour of the 
dough. Smaller particle sizes describe a restricted network and smaller fibrils of the proteins.  
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Fig. 1. Average particle size of the protein microstructure as a function of the water addition to flour. 
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The branching index (BI) specifies the spreading of gluten molecules and is illustrated in Figure 2 as a 
function of water addition. Small values of BI imply a more round shape of the measured structure, higher 
BI illustrates more spread protein structure. With addition of water the protein features a more round, 
circle like structure due to less interconnected strains based on the plasticizing effect of the water 
molecules. This is in accordance with the results of the average particle size, which is also reduced.  
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Fig. 2. Branching index BI of the protein microstructure as a function of the water addition to flour.  
3.2.Correlations 
The combination of CLSM analysis of wheat dough protein combined with an image processing tool 
enabled the quantification of the microstructure. The variation of the water addition based on flour shows 
high significant (p<0.01) linear correlations with the area fraction (r=-0.85), the perimeter (r=-0.74) and 
the branching index (r=-0.92). Especially the correlation analysis of the branching index as a measure of 
the image analysis with the fundamental and empirical rheological properties of the dough (data not 
shown) reveals highly significant linearity. The complex shear modulus G* as a measure of stiffness 
linearly increases with increasing BI. This means that dough with a more widespread and branched 
protein network exhibits more stiffness. A reason could be the resulting entanglement of the proteins and 
therefore an increased resistance against deformation which leads to a higher stiffness. The negative 
correlation with the creep compliance (r=-0.71) bases on the same properties. Furthermore, measures of 
elasticity as the relative elastic part revealed correlations of r=0.82. An increment of the surface of the 
protein network in relation to its diameter leads to a higher elasticity, detected as measures of 
fundamental rheology tests.  
4.Conclusion 
The often indicated relation between the microstructure and the process determining rheology of 
dough could be proofed and characterized. By the usage of an image analyzing tool the changes in protein 
structure could be systematically evaluated as a function of water addition. Most significant analyzing 
parameters were the branching index (BI), the area fraction as well as average particle size. These three 
values decreased due to water addition. Furthermore the received results of the images analysis correlated 
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well with rheological determination of oscillatory and creep recovery tests. This reveals the numerical 
dependency of the rheology of wheat dough to its protein microstructure. In summary, image analysis of 
protein structure in wheat dough could be established as a novel tool for the characterization and 
prediction of dough’s rheological properties.  
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